Recently, full sky maps from Planck have been made publicly available. In this paper, we do consistency tests for the three Planck CMB sky maps. We assume that the difference between two maps represents the contributions from systematics, noise, foregrounds and other sources, and that a precise representation of the Cosmic Microwave Background should be uncorrelated with it. We investigate the cross correlation in pixel space between the difference maps and the various Planck maps and find no significant correlations, in comparison to 10000 random Gaussian simulated maps. Additionally we investigate the difference map between the WMAP ILC 9 year map and the ILC 7 year map. We perform cross correlations between this difference map, and the ILC9 and ILC7, and find significant correlations only for the ILC9, at more than the 99.99% level. Likewise, a comparison between the Planck NILC map and the WMAP ILC9 map, shows a strong correlation for the ILC9 map with the difference map, also at more than the 99.99% level. Thus the ILC9 appears to be more contaminated than the ILC7, which should be taken into consideration when using WMAP maps for cosmological analyses.
Introduction
The Cosmic Microwave Background (CMB) is a key source of information on the early Universe. The newly released Planck data [1] as well as data from WMAP [2] play important roles in this study. Whereas Planck greatly improves the current CMB measurement precision, it will still be very interesting and relevant to compare CMB products obtained with Planck and WMAP respectively, like the WMAP ILC maps and the Planck full sky maps.
The recent Planck CMB data release included the derived CMB products NILC, SMICA and SEVEM maps. The three maps are made via different techniques: the NILC map is a needlet variant of the Internal Linear Combination technique, SMICA is made via spectral parameter fitting in the harmonic domain, and SEVEM is constructed through template fitting using the lowest and highest frequency bands (see [3] for details). It is highly important to understand the differences and similarities of these three maps, when making cosmological conclusions.
Recently, the 9 year CMB data from WMAP has also been released, including the 9yr Internal Linear Combination map (ILC9) [2] . The ILC9 is constructed through the combination of data at different frequencies with different weighting coefficients, in order to obtain a full sky map of the CMB with as little contamination (foregrounds, systematics and noise) as possible.
The aim of this paper is twofold. We wish to test the internal consistency and differences between the three released Planck maps (SMICA, SEVEM and NILC) and the differences between the WMAP ILC9 and 7 maps (7 year WMAP ILC data [4] ). Furthermore, we wish to test the external consistency between the WMAP ILC9 map and the Planck NILC map.
The basic assumption of this paper is that the difference between two maps (the 'difference map') is composed of non-CMB contributions (such as noise, systematic errors, foregrounds etc.) that ought to be uncorrelated with the true, primordial CMB signal. If the maps do contain remnants of these contaminants they will be correlated with the difference map, the significance of which can be tested by comparing to simulations. which is due to noise, foregrounds, systematics etc. If we subtract two maps we will be left with a difference map, d, which is only composed of a difference in contaminants, ∆n. In a spherical harmonics decomposition we can write this as 
where a * indicates a complex conjugate and n a lm is the noise inherent in map a. ξ 1 is the cross correlation between the primordial CMB (c lm ) and the difference map (∆n lm ), and is expected to be at the order of 0. ξ 2 is the cross correlation between the noise of map a (n a lm ) and the difference map, which is at the order of 1 (we expect the noise to correlate strongly with the difference map). Term 1 in Eq. 2.2 is thus on the order of 0, while the first part of the second term (ξ 2 ) is of order 1. Thus the interesting term in the equation, the last part of the second term, is essentially a noise to signal ratio and is the term one would effectively test via cross correlations. The case is the same if one performs the test in pixel space.
We estimate the significance of the correlations by comparing the correlation between the sky maps and their respective difference map with the correlation between randomly simulated CMB maps and the difference map. We therefore compare the cross correlations with 10000 random Gaussian simulations based on the ΛCDM theoretical power spectrum.
We calculate the cross correlation using the following definition of the cross correlation coefficient in pixel space:
where K p is the total cross correlation coefficient, x i and y i are the values of pixel i for the two maps respectively andX andȲ are the mean pixel values for the two maps. We know that some residuals of the galactic plane are definitely still present in the maps. We therefore mask out the galaxy using the WMAP KQ85 9yr mask [2] , in order to see the effect of contaminants in the rest of the map. Thus, the sum in i is only over unmasked pixels. Note that the sign of the correlation coefficient is not significant, since the choice of which map to subtract from the other is interchangeable. As such, a significant anti-correlation would change to correlation if the two maps were subtracted from each other in the opposite order.
Also, bear in mind that the power of the difference map is not very important for this investigation. What we are truly testing here is the morphology of the maps. We are comparing the same spot in the two maps (pixel i), and the estimator K p is normalized. Thus we are effectively looking at normalized pixel values between −1 and 1, and the estimator K p shows the similarity of the morphology of the two maps. 
Consistency tests

Consistency tests of Planck NILC, SMICA and SEVEM maps
As mentioned in the introduction, we now perform consistency tests of the three Planck CMB maps: SMICA, NILC and SEVEM (shown in figure 1) .
First, we create the difference map by subtracting the various Planck maps from each other in pixel space. We take three representative combinations of difference maps: NILC minus SMICA (denoted NILC-SMICA), NILC minus SEVEM (NILC-SEVEM) and SMICA minus SEVEM (SMICA-SEVEM). The three difference maps are created with l max = 100, and a resolution corresponding to N side = 128. In figure 2 both the unmasked difference maps and the same maps with the KQ85 9yr mask applied are shown for illustrative purposes. Similar maps can be found in [3], albeit with a different color scheme and other temperature bounds.
Following to Eq. (2.3) we now calculate K p , where we cross correlate each input map with the difference map. We compare this to the result for 10000 random simulations, in order to asses the significance. The results are presented in figure 3 . We see that the Planck maps only correlate weakly with their respective difference maps, and are well consistent with simulations. We attribute this to the high similarity between the Planck maps (see figure 2) Table 1 . Numerical values of the cross correlations for figure 3. For each difference map, the table shows the value of K p for a map cross correlated with the respective difference map, and the percentage of the 10000 simulations that have a higher (or for K p < 0: lower) value of K p . 
Consistency tests of WMAP ILC9 and ILC7 maps
The weights in the construction of the ILC9 have been improved from the ILC7 through refinement of the pixel noise, calibrations and beam profiles (see [2] for details). The ILC9 map is thus expected to be superior to the ILC7 through 2 additional years of data taking as well as optimization of the method of construction. 
ILC9-7 K p
Percentage ILC9 0.1120 < 0.01% ILC7 0.01597 26.5% Similar to the test for the individual Planck maps, we therefore now turn our attention to the ILC9 in comparison with the ILC7. The ILC9-7 difference map is shown in figure 4 . The galactic plane is clearly visible in the ILC9-7 difference map, as are selected point sources. Therefore we mask it with the KQ85 9yr mask, as we did in the case for the Planck maps ( figure 4, top right) . It is immediately clear that the map is dominated by a dipole (see bottom figure) , which is closely aligned with the well known kinematic dipole. The same feature is present in the difference map between the 7 year and 5 year ILC map, as discovered in [6] .
We compute the cross correlation between the ILC9 and ILC7 year maps with the ILC9-7 difference map. The procedure is the same as in the previous section. The results are presented in figure 5 , and the numerical values for the cross correlation are presented in table 2. We see that ILC9 cross correlates much stronger with the difference map than ILC7, and that the ILC7 is in agreement with the distribution of the 10000 random simulations, while the ILC9 is not.
Consistency tests of Planck NILC and WMAP ILC9 maps
Finally, we turn to an investigation of the difference map between the Planck NILC map and the WMAP ILC9 map. We select the Planck NILC map for the comparison, since the NILC method is similar in nature to the ILC method (see for instance [3] ). Since the WMAP ILC9 map has been smoothed at the level of 1 • , we start by smoothing the NILC at the same level. Then the difference map is calculated similar to the procedure in the previous sections, and the result is shown in figure 6 . We have enhanced the min and max temperature compared to previous difference maps in the paper, in order to clearly show local features. In the difference map we clearly see the galactic plane, and some feature in the lower left quadrant of the map. This is similar to the dipole clearly seen in figure  4 , but since we are now subtracting the ILC9 map, the sign of the dipole is changed. Is is evident that the ILC9 contains an enhanced dipole, both in comparison with the WMAP ILC7 and with the Planck NILC map. In figure 7 we show the result of the cross correlations for the difference map and the NILC (smoothed to 1 • ) and ILC9 map respectively, in comparison to 10000 simulated maps. Numerical values are presented in table 3. The resolution, mask and maximum l-value is similar to the previous tests. We see a strong (anti-)correlation for the ILC9 cross correlated with NILC-ILC9, in comparison with the simulations. The cross correlation case for the NILC is in reasonable accordance with the simulations. In comparison with the case for ILC9-7 in the previous section this indicates that the ILC9 map includes a proportion of non-cosmological features. 
NILC-ILC9
94.76% ILC9 -0.2362 < 0.01% 
Summary and conclusions
In this paper we have investigated the consistency of the Planck NILC, SMICA and SEVEM maps as well as the consistency of the WMAP ILC9 and ILC7 maps, and a cross test between NILC and ILC9. The basic assumption was that the difference between two maps-the difference map-consists only of a non-cosmological signal, which a pure CMB map should not correlate strongly with. We have tested this through comparing pairs of maps to their respective difference map, and the significance of the correlation was determined through comparison with 10000 random simulations of the CMB. For the consistency test of the derived Planck products, we cross correlated the three Planck maps with the respective difference maps NILC-SMICA, NILC-SEVEM and SMICA-SEVEM at N side = 128 (all masked with the KQ85 9 year mask). We found that the Planck maps are very well consistent with each other, as well as consistent with random simulations.
Additionally, we find that the ILC9-ILC7 difference map cross correlates significantly with the ILC9 map, whereas the ILC7 cross correlation is consistent with the random simulations (both at N side = 128). This shows that the ILC9 map matches the morphology of the non-cosmological contributions in the difference map, and the ILC7 map does not significantly.
Finally, we did an external consistency test, comparing the Planck NILC map with the ILC9 map. The difference map between NILC and ILC9 showed a dipole, also visible for the ILC9-7 case, indicating that this is probably an artifact of the ILC9 map. Also, the NILC-ILC9 difference map cross correlates strongly with the ILC9 and much less so with the NILC map.
In conclusion, the Planck NILC, SEVEM and SMICA maps are in very good agreement with each other, and none of them show a significant correlation with their respective difference maps outside the mask. On the other hand, the ILC9 map correlates significantly with the difference map, both in comparison to ILC7, in comparison to Planck NILC and in comparison to random simulations. Thus ILC9 appears to be more contaminated than the ILC7. This should be taken into consideration when using WMAP maps for cosmological analyses.
